The effect of gamma irradiation on the properties of aluminum dihydrogen triphosphate (ADTP) in the dose range of 0 to 150 kGy was studied by X-ray diffraction (XRD) analysis, thermal analysis, acid-base titration, electrochemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM). Although the XRD and SEM results indicated that there were no significant effects on the crystal structure and the surface morphology of ADTP, thermal analysis revealed that the crystal transition of Al(PO 3 ) 3 from Type-B to Type-A did not occur at a high temperature in irradiated ADTP. EIS results showed that high-dose gamma irradiation (100 kGy and 150 kGy, 60 Co) improved the corrosion inhibition ability of ADTP on tinplate steel. SEM was used to investigate the surface of tinplate steel panels after immersion in ADTP extracts for 69 h, and revealed that many slices were formed on the surface. The slices were attributed to the formation of Fe 2 P 3 O 10 . Inter-slice gaps may be the reason for the lower corrosion resistance of ADTP compared with the resistance of some toxic pigments containing lead and chromium. Overall, high doses of gamma irradiation improved the corrosion resistance of ADTP.
INTRODUCTION
The synthesis of aluminum dihydrogen triphosphate (ADTP) was first proposed by D'Yvoire in 1962, 1 and ADTP was structurally characterized by Rishi in 2006. 1, 2 At present, ADTP is commercially available for industrial applications. One of the important applications of ADTP is in the field of anticorrosion coatings.
Traditional anticorrosive coatings contain lead or chromium(VI) compounds as active pigments due to their excellent cost/efficiency ratio. Due to the impo-1112 SONG et al. sition of increased legislative restrictions on the application of these toxic pigments containing lead or chromium, many compounds have been suggested as environmentally friendly alternatives. [3] [4] [5] [6] One of the important alternatives is ADTP. [7] [8] [9] However, ADTP belongs to the solid acid group of compounds, 1,2 and therefore is usually considered to be less effective in the most widely used amine--cured epoxy coatings due to the reaction between ADTP and the amine hardeners and further to inferior storage stability. Several strategies have been developed to improve the performance of ADTP. However, the acidic nature of ADTP was verified to be retained after modification. For this reason, the present study was conducted to improve further the performance of ADTP by gamma irradiation.
A further reason for using gamma irradiation is its unique application in the modification of materials. [10] [11] [12] [13] Gamma irradiation is a kind of green processing technology and an effective surface modification method with potential application prospects. However, the effect of gamma irradiation on ADTP was rarely reported in the relevant literature. In the present study, the primary aim was to investigate the effects of gamma irradiation on the structure and properties of ADTP, especially on electrochemical behavior in 3.5 % aqueous NaCl solution.
EXPERIMENTAL

Materials
In a typical procedure, aluminum hydroxide slurry and phosphoric acid solution (mole ratio of P 2 O 5 /Al 2 O 3 is 3:1) were mixed at 90 °C in a container. The container was stirred at 100 °C for 1.5 h when the mixture turned into a translucent viscous slurry. The slurry was immediately placed into a reacting furnace set at 310 °C. After reacting for 10 h, the obtained solid was taken out of the furnace and immersed in distilled water. After hydration reaction, the product was treated by dehydration drying and further crushing. X-Ray diffraction (XRD) studies revealed the co-existence of two main structural phases, ADTP and AlPO 4 , in the product. The product was not further separated and purified.
The product was divided into five portions. The portions sealed in polyethylene bags were subjected to total doses of 0, 20, 50, 100, and 150 kGy. A 60 Co gamma cell (7.4×10 13 Bq) was used as a gamma ray source with a dose rate of 1 kGy h -1 at a temperature of 25 °C.
X-Ray diffraction
X-Ray diffraction spectra of non-irradiated and irradiated ADTPs (equilibrated at 100 % relative humidity, at 25 °C for 48 h) were recorded using an analytical diffractometer (Bruker D8 Advance), CuK α radiation with a wavelength of 0.154 nm operating at 40 kV and 35 mA. XRD diffraction spectra were acquired at 25°C over a 2θ range of 5 to 80° with a step size of 0.02° and sampling interval of 10 s. The background was disregarded during analysis of XRD patterns.
Thermal analysis
Thermal behaviors of non-irradiated and irradiated ADTPs were studied by the simultaneous application of thermogravimetry (TG) and differential scanning calorimetry using a NETZSCH STA 409 PC/PG instrument. The samples were heated under a dynamic argon atmosphere, flow rate 30 ml min -1 , from room temperature to 1020 °C at a scan rate of 20 °C min -1 and the corresponding DSC and TG plots were obtained.
Titration experiment
Titration experiments were conducted to characterize the neutralizing ability of non-irradiated and irradiated ADTPs. The analyte was individually prepared by dissolving 0.2 g of non-irradiated and irradiated ADTPs in 20 mL of distilled water at 25 °C. The titrations were performed using a standard 0.05 mol L -1 NaOH titrant solution and a pH meter connected to a magnetic stirrer and pH electrode (E-201-9, Shanghai Yoke Instrument Co., Ltd.). Titrant increments of 1 mL and an equilibration time of 5 min were chosen.
Electrochemical measurements
The substrate consisted of tinplate steel (produced by Wuhan Iron and Steel (Group) Company), which was cut into test panels with dimensions 1 cm×1 cm×0.028 cm. The panels were pre-treated by mechanical cleaning (polishing), degreasing in an acetone solution and rinsing with distilled water. The backsides of the panels were electrically connected via a copper wire with a resin adhesive. In order to seal the edges and back sides, the panels were covered by the resin adhesive, leaving an apparent geometrical area of 1 cm 2 unmasked.
In order to prepare ADTP extracts, 0.2 g of each portion was stirred in 100 mL of 3.5 mass % aqueous NaCl solution for 24 h and then filtered after storing for 7 days at room temperature.
EIS measurements were performed in an RST5200F electrochemical workstation (Zhengzhou Shiruisi Instrument Technology Co., Ltd.) in the frequency range 100000 to 0.001 Hz using a perturbation amplitude of 5 mV around the open circuit potential. An electrochemical cell with a three-electrode configuration consisting of an Ag/AgCl reference electrode (RE), a panel as the working electrode (WE) and a platinum counter electrode (CE) was used for the measurements. Three replicate panels were conducted to ensure repeatability.
Surface analysis
The surface of the test panels after exposure to 3.5 % NaCl solution containing the ADTP extract was examined by scanning electron microscopy (SEM). Before the examination, the panels were washed with double distilled water and dried. An Inspect F50 scanning electron microscope operating at an accelerating voltage of 20 kV with a working distance of 18 mm was used.
RESULTS AND DISCUSSION
X-Ray diffraction pattern
The X-ray diffraction patterns of non-and irradiated ADTPs are shown in Fig. 1 . The major peaks were assigned to AlPO 4 (JCPDS 45-0177 and 10-0423) and AlH 2 P 3 O 10 ·2H 2 O (JCPDS 31-0017), which indicated that the ADTP was a composite of AlH 2 P 3 O 10 ·2H 2 O and AlPO 4 . Through comparison, it is clear that the spectra display no obvious difference in pattern characteristics of ADTPs irradiated at different doses, including the position and the amplitude of diffraction peaks, which suggests that no new crystalline phase existed in the irradiated ADTPs.
DSC and TG plots
To evaluate the gamma-irradiation effect on the thermal property of ADTP, TG and DSC analysis were performed. The TG curves and the corresponding DSC curves for ADTPs are shown in Figs. 2 
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Intersity / a. u. The plots in Fig. 2 show water loss occurred in two steps. The first, with an associated thermal event at around 180 °C, corresponds to the loss of weakly bound water. There is no difference between the values of the loss for non-irradiated and irradiated ADTP, the values of which are close to 9.1 wt. %. The second at around 541 °C was associated with the loss of more tightly bound water, 4.0 wt. %. The dehydration processes are proposed as follows: More specifically, there was a significant thermal event in the temperature range of 750 to 990 °C for non-irradiated ADTP, as shown in Fig. 3 , while there was no visible thermal event in the same temperature range for the irradiated ADTPs. However, in the corresponding temperature range on the TG curves, Fig.  2 , there was no weight loss for the non-irradiated ADTP, which indicates that the thermal event could be attributed to phase transition. The following phase transition is proposed: 
⎯⎯⎯⎯→
This could be attributed to gamma irradiation causing a change in the structure of ADTP, and this change blocked the crystal transition. However, in view of the diffraction pattern shown in Fig. 1 , all being the same, the change in the structure of ADTP cannot be a change in the crystal structure. Taking into account that water molecules easily decompose under gamma rays, 14 the change is attributed to the decomposition of the interlayer water molecules in the layered structure of ADTP.
Titration
ADTP is an acidic triphosphate and hence, the effect of gamma-irradiation on its acidity was investigated. The pH titration curves of saturated aqueous solutions of non-irradiated and irradiated ADTPs are shown in Fig. 4 However, as opposed to ZnO/SiO 2 -modified ADTP pigment (ZnSi-ADTP), 15 gamma irradiation did not affect the acidity of the ADTP solutions, i.e., all the initial solutions of the non-irradiated and irradiated ADTPs had the same pH value before titration, as shown in Fig. 4 . Compared to ADTP, gamma irradiation in the dose range 20-150 kGy had a significant effect on the pH value of the initial solution of ZnSi-ADTP. The pH value of the initial solution of ZnSi--ADTP significantly increased from 4.9 to 9.4 with increasing absorbed dose from 0 to 150 kGy. 15 Although gamma irradiation had no effect on the pH value of the initial solutions of ADTPs, the pH values of irradiated ADTPs solutions were higher than that of non-irradiated ADTP solution at the same dose of OH -in the titration process.
Impedance measurements
ADTP is mainly used as an anticorrosion pigment. In order to evaluate the effect of gamma-irradiation on the anticorrosive property of ADTP, it was intended to reproduce its protection mechanistic stage when it is dispersed in the coating. According to the mechanism, 3.5 % NaCl solution was selected as the corrosive medium, an aqueous extract of ADTP was incorporated into it, and tinplate steel was used as the to be protected panel.
The Nyquist and Bode plots for tinplate panels obtained in ADTP extracts after immersion for 69 h are shown in Fig. 5 . As shown in Fig. 5a , the Nyquist plot shows a single semicircle for tinplate panels in all the ADTP extracts. As shown in Fig. 5b , the slopes of Z in all the ADTP extracts in the middle range of frequency were close to -1, which demonstrates the same capacitive character. Presented on the Bode phase diagrams in Fig. 5c , the frequency at the maximum phase angle remained approximately at the same level when the absorbed dose of ADTP was increased from 0 to 150 kGy, which reveals that the capacitance on the steel surface approximately remained unchanged in the investigated range of absorbed doses by ADTP. A single time constant represented by a single semi-circle was noticed for each of the tinplate steel panels, which could be simulated by the equivalent circuit shown in Fig. 6 . Here, R s represents solution resistance, C dl the double layer capacitance at the interface between the protective layer and the panel substrate, R ct the charge transfer resistance at the interface between the protective layer and the panel substrate, and W the impedance caused by diffusion process. R ct is related to the charge transfer occurring due to the electrochemical reaction at the interface. As the value of R ct can be obtained from the diameter of the Nyquist plot, a larger diameter indicates a higher resistance. It is clear from the plot, that the diameter of the semicircles increased in the order ADTP irradiated at 50, 20, 0, 150 and 100 kGy. Accordingly, the tinplate steel panels immersed in the extracts of irradiated ADTPs at 100 and 150 kGy, displayed the maximal resistances.
SEM analysis
The SEM micrographs obtained for non-irradiated ADTP and 150 kGy--irradiated ADTP are shown in Fig. 7a and b, respectively. It is clear that gamma irradiation had no effect on the appearance and shape of ADTP, i.e., ADTP still had a multi-layered structure after irradiation. ADTP belongs to the kind of condensed phosphates. In the literature, 16 the protective mechanism of ADTP for steel is proposed as follows: when it is dissolved in an aqueous solution, the triphosphoric ion (P 3 O 10 5-) is formed, which exhibits a strong chelation ability and can chelate with various metal ions, such as ferrous iron and ferric iron. The protective film formed by the chelates on the metal surface is stable and can provide protective effect. When the triphosphoric ion is depolymerized, the formed orthophosphate ion (PO 4 3-) can also construct a protective film. Accordingly, the protective films displayed in Figs. 8b and c can be considered to be made of Fe 2 P 3 O 10 . In addition, crystalline particles of Fe x (PO 4 ) y were formed, which attached themselves to the protective film as shown in Figs. 8b and c: It is important to note that the steel substrate can be seen through the interslice gaps. In literature, alternative phosphate pigments did not quite match the high anticorrosive efficiency of lead or chromium(VI) compounds. 7 The presence of the interslice spacing may be the reason for the low corrosion resistance of ADTP.
CONCLUSIONS
Gamma-irradiation at doses up to 150 kGy caused no significant change in the crystal structure and appearance of ADTP, however, prevented the crystal transition of Al(PO 3 ) 3 formed at high temperature from Type-B to Type-A. According to the result of the titration experiment, the pH value of irradiated--ADTP solution was higher than that of non-irradiated-ADTP solution using the 1120 SONG et al.
same volume of 0.05 mol L -1 NaOH titrant, which was attributed to a decrease in acid group content in ADTP under gamma irradiation. Impedance measurements indicated that high doses of gamma irradiation were required in order to improve the corrosion inhibition ability of ADTP. SEM micrographs confirmed that pieces of a protective layer formed on the surface of tinplate panels in ADTP extracts, and further revealed that the layer was not a complete layer, but divided into many small pieces. The incomplete layer may be the cause of the decline in the corrosion inhibition ability of ADTP. Nevertheless, gamma irradiation at high doses improved the corrosion resistance of ADTP.
